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revolutionized the study of platelet function, providing fundamental insights into the way platelets behave and respond to various stimuli. 6 In the 1970s, flow-based assays were developed, reproducing a very wide range of physiological and pathological blood flow conditions to better reflect the in vivo situation. Later, in the 1980s, the development of monoclonal antibodies and their use in flow cytometric assays allowed both the phenotypic characterization of blood platelets and the introduction of new functional tests dedicated to platelets. 7 More recently, flow cytometry has enabled the assessment of platelet aggregation in whole blood, 8, 9 which can also be studied using the impedance measurement technique. 10 However, these 2 methods are still not widely used and not yet recommended for the exploration of functional platelet defects. The combined use of these various tools developed since the 1960s now provides research teams and physicians with a valuable set of tests to study platelet physiology and identify functional defects of platelets responsible for bleeding syndromes.
The purpose of this tutorial is to describe the basic methodologies for the preparation of citrated platelet-rich plasma (cPRP) and washed platelet suspensions, to discuss their respective advantages and limitations as well as important factors to consider to perform high-quality tests of platelet function. Among these functional tests, we describe the methodologies of light transmission aggregation, flow-based assays, and flow cytometric assays, with particular emphasis on their respective advantages and limits.
| PLATELET FUNCTION TESTING

| In vivo test of platelet function: the bleeding time
The bleeding time assay was the first screening test in humans and is still the only one used to assess platelet function in vivo. It consists of measuring the time required for bleeding to stop after making a superficial incision in the patient's skin using Duke's method (standardized puncture of the ear lobe with a lancet) 5 or later a more reliable method developed by Ivy, using a blood pressure cuff on the upper arm to maintain constant pressure and an incision on the anterior surface of the forearm. 11 Until the early 1990s, this test was still considered to be useful to identify congenital and acquired platelet disorders. However, due to its poor reproducibility, low sensitivity and specificity, and lack of predictive value, 12 this assay is no longer used in routine practice and has been replaced by alternative techniques to assess platelet function in vitro as detailed below.
| Light transmission aggregometry
First described in 1962 by Born and O'Brien, 6, 13 an aggregometer is a photometer that measures the transmission of light through a thermoregulated vial containing a platelet suspension maintained under constant agitation. This turbidimetric technique is used to measure in vitro the ability of platelets to aggregate with each other in response to various activating agents. The progressive formation of platelet aggregates leads to an increase in light transmission that is characteristic of the agonist used, provided the targeted signaling pathway is functional. Shortly after the introduction of this method, tests with platelets from patients with Glanzmann thrombasthenia showed that these cells were unable to aggregate, regardless of the agonist employed. We now know that this is due to the complete deficiency or absence of functional αIIbβ3, the integrin required for platelet aggregation. 14 Since the 1960s, the general principle of this test has not changed, although improvements have been made mostly in regulating the agitation and temperature, or in the light transmission recording device, which are now mainly controlled by specialized electronic components and software. In the late 1970s, a test was developed to simultaneously measure platelet aggregation and quantify the ATP secreted by platelets into the extracellular medium throughout the aggregation process. 15, 16 It is based on a bioluminescent quantification of ATP, whereby the latter reacts with luciferin and firefly luciferase to cause light emission. This technique allows the detection of secretion anomalies but does not differentiate between a primary secretion defect and dense granule deficiencies.
Specialized clinical hemostasis laboratories evaluate platelet function in cPRP using light transmission aggregometry (LTA), which is still considered to be the gold standard for the identification and diagnosis of platelet function disorders. Although the preparation of cPRP is rapid and provides a high yield of platelets, the investigation of platelet functions in cPRP harbors certain limitations. The preparation contains an anticoagulant, which modifies the pH and lowers the extracellular calcium concentration to the micromolar range, while the plasma proteins present can play a role in platelet functions. Furthermore, cPRP is stable for no more than 2 hours.
To overcome these limitations, platelets can be isolated from blood anticoagulated with acid-citrate-dextrose (ACD) using a series of centrifugations and washing steps with suspension in a physiological buffer under well-defined conditions, as initially described by Mustard's group. 17 In the following section, we outline the basic methodologies for the preparation of cPRP and washed platelet suspensions.
| Platelet aggregation using human cPRP
Trisodium citrate, which chelates positively charged calcium ions and thereby blocks calcium-dependent clotting factor reactions, is the standard anticoagulant for platelet aggregometry in cPRP. At a citrate concentration of 0.38% (13 mmol/L, pH 7.5), the calcium level is sufficiently reduced to prevent coagulation, with enough calcium remaining to allow platelet aggregation; 0.32% instead of 0.38% citrate is commonly used in many laboratories. Of note, maximal platelet aggregation is slightly higher in 0.32% compared to 0.38% citrate probably due to the higher concentration of calcium in PRP anticoagulated with 0.32% citrate. 18 Therefore, either 0.32% or 0.38% sodium citrate concentration is acceptable, as long as its use is consistent in each center, as recommended by the Platelet Physiology Subcommittee of the Scientific and Standardization Committee of the ISTH. 19 
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The reduced calcium concentration of the plasma is responsible for the occurrence of an artifact called the second wave of aggregation after addition of a critical amount of ADP ( Figure 1 ). This second wave of aggregation occurs not only in cPRP but also in an artificial medium with a low calcium concentration, as shown by Mustard et al. 17 It is secondary to activation of the arachidonic acid pathway and the formation of thromboxane A2 (TxA 2 ) and is accompanied by secretion of the contents of both dense and alpha granules. On the other hand, it is blocked by aspirin and other cyclooxygenase-inhibiting drugs.
The occurrence of this second wave of aggregation induced by high concentrations of ADP allows the detection of secretion anomalies and aspirin or nonsteroidal anti-inflammatory drug (NSAID) intake. In contrast, in a physiological calcium environment (2 mmol/L), that is, in PRP anticoagulated with hirudin or when platelets are suspended in a physiological buffer containing 2 mmol/L calcium, ADP induces only reversible platelet aggregation without secretion, whatever its concentration ( Figure 1 ).
Preparation of human cPRP
Blood (15 mL) is collected from an antecubital vein, using three 4.5 mL Vacutainer (Becton Dickinson, Franklin Lakes, NJ) tubes (clinical-grade nonpyrogenic, noncytotoxic, and nuclease-free borosilicate glass) containing sodium citrate anticoagulant (1 volume of trisodium citrate [3.8%] for 9 volumes of blood). The blood in the 3 Vacutainer tubes is then pooled in a 15-mL plastic tube (polypropylene or polystyrene), gently mixed, and centrifuged at 250 g in a Sorvall centrifuge (Sorvall RC3BP swinging-bucket centrifuge with an H6000A-HBB6 rotor, Kendro Laboratory Products, Les Ulis, France) at room temperature, for a period of time depending on the quantity of blood (Table 1 ) to obtain cPRP. To maximize the efficiency of the platelet recovery in the upper layer, without contamination due to red blood cells rising from the bottom layer, the centrifugal slow brake must be applied during rotor deceleration. After this centrifugation step, the upper layer containing cPRP is carefully collected with a 10-mL syringe without disturbing the middle layer containing white blood cells (also called the "buffy coat"). The cPRP is transferred into a new 15-mL plastic tube, which is capped and allowed to "rest" at room temperature for 15 minutes before platelet testing. The platelet count in cPRP is not adjusted to a standardized level using autologous platelet-poor plasma (PPP).
LTA in cPRP should be completed within a maximum of 4 hours after blood sampling, as recommended by the ISTH guidelines. 19 
| Platelet aggregation using washed human platelets
To study the intrinsic properties of human platelets, use of washed platelets in suspension in a physiological buffer is essential to isolate the cells from the anticoagulant and their plasma environment, in particular the thrombin, which can be generated during blood collection and the preparation of PRP. Furthermore, suspending platelets in an artificial medium allows one to manipulate the inorganic ions, Sodium citrate (0.38%, 13 mmol/L, pH7.5)-anticoagulated blood cannot be used to prepare washed platelets, as there remains sufficient residual calcium to allow thrombin generation and platelet activation during centrifugation of cPRP. ACD (22 mmol/L trisodium citrate, pH 6.5) is the anticoagulant of choice for blood collection to prepare washed platelets. ACD and 3.8% trisodium citrate solutions differ markedly in pH, ACD-anticoagulated blood having a pH of 6.5 and sodium citrate-anticoagulated blood a pH of 7.5. They also differ in the citrate concentration, which is higher in ACD-anticoagulated (22 mmol/L) as compared to citrate-anticoagulated (13 mmol/L) blood. At this acidic pH and with a lower extracellular calcium concentration, platelet aggregation is totally abolished in ACD-anticoagulated blood. 21 To isolate the platelets without activating them, PGI 2 , also called prostacyclin, is added during the preparation steps to transiently prevent any platelet activation. Addition of heparin further prevents the generation of traces of thrombin. At the end of the washing procedure, apyrase (adenosine 5′-triphosphate diphosphohydrolase, EC 3.6.1.5) is added to the platelet suspension. Apyrase, at a concentration of 0.02 U/mL, degrades any traces of ATP or ADP released and maintaining their discoid shape. 22 These preparation conditions provide a suspension of human platelets that is stable for 5 to 8 hours at 37°C. 20 Washed platelets prepared under these conditions aggregate after addition of collagen, thrombin, or arachidonic acid and release the contents of their granules. Adrenaline is not itself an aggregating agent but potentiates the aggregation induced by other agonists through activation of α 2A -adrenergic receptors coupled to the inhibition of adenylyl cyclase activity. 23, 24 Importantly, the adrenaline-induced aggregation observed in cPRP is an artifact due to the presence of traces of ADP and/or thrombin. 24 In this situation, in the presence of fibrinogen and 2 mmol/L calcium, the platelets aggregate in response to ADP and then disaggregate, without the occurrence of a second wave of aggregation accompanied by the secretion of granule contents ( Figure 1 ).
Preparation of washed human platelets
Blood collection. The blood donors should not have taken drugs affecting platelet responses, such as aspirin and other NSAIDs or thienopyridines like ticlopidine and clopidogrel, during the previous 2 weeks. Blood is collected from a forearm vein through a gauge 16 thin-walled needle mounted on a short length (10-20 cm) of plastic tubing. The generation of traces of thrombin during the collection of blood for the preparation of washed platelets must be avoided. Therefore, it is particularly important to perform a nontraumatic venipuncture and to discard the first few milliliters of blood, which are contaminated with tissue factor and contain trace amounts of thrombin. For similar reasons, Vacutainer blood collection should be avoided. Instead, the blood is drawn with a rapid flow directly into a conical 50-mL plastic (polypropylene or polystyrene) centrifuge tube containing 1 volume of ACD anticoagulant for 6 volumes of blood. Immediately afterwards, the tubes are placed in a water bath at 37°C for a maximum storage period of 15 minutes.
Washed platelet preparation. All operations performed during isolation and washing of the platelets are carried out at 37°C. The compositions of the washing and suspending solutions are given in Table 2. 1. The anticoagulated blood is centrifuged at 250 g in a Sorvall centrifuge (Sorvall RC3BP swinging-bucket centrifuge with an H6000A-HBB6/HLR6 rotor) prewarmed to 37°C, for a period of time depending on the quantity of blood (Table 1 ) to obtain PRP. To maximize the efficiency of the platelet recovery in the upper layer, without contamination due to red blood cells rising from the bottom layer, the centrifugal slow brake must be applied during rotor deceleration.
2. The PRP is carefully collected with a 10-mL syringe and transferred into a new conical 50-mL centrifuge tube.
3. After 10 minutes' incubation at 37°C, the PRP is centrifuged at 2200 g for a period of time depending on the quantity of plasma (Table 1 ).
The supernatant consisting of PPP is discarded using a
Pasteur pipette connected to a vacuum pump, taking care to remove all traces of plasma from the tube walls or near the platelet pellet to avoid any generation of thrombin during the subsequent washing steps. Platelets stimulated by exposure to low concentrations of thrombin may have reduced granule contents or be more sensitive to ADP-or adrenaline-induced aggregation. France), to prevent platelet activation and plasma coagulation.
A 10-mL volume of buffer is required to resuspend the platelet pellet from 50 to 100 mL of blood. To stabilize the pH of the platelet suspension at about 7.3, it is recommended that the operator exhale air (containing elevated CO 2 levels as compared to atmospheric air) into the tube before closing it at each step of the washing procedure. 21 6. After 10 minutes' incubation at 37°C, 0.5 μmol/L PGI 2 is added to this "first wash" platelet suspension, and it is immediately centrifuged at 1900 g for 8 minutes (for 30-40 mL of suspension).
7. The platelet pellet is resuspended in Tyrode's albumin buffer containing 0.5 μmol/L PGI 2 . A platelet count is performed using an automatic blood cell counter.
8. After 10 minutes' incubation at 37°C, 0.5 μmol/L PGI 2 is added to this "second wash" suspension and it is immediately centrifuged at 1900 g for 8 minutes (for 30-40 mL of suspension).
9. The platelet pellet is resuspended in Tyrode's albumin buffer containing 0.02 U/mL apyrase, and the cell count is adjusted to 300 000/μL with the same buffer. The washed platelet preparation is kept at 37°C in a closed tube under a 5% CO 2 /95% air atmosphere and under these conditions is stable for 5 to 8 hours.
Reagents for blood collection and washed platelet preparation. 1. One volume of anticoagulant is required for 6 volumes of blood. final suspending medium, the concentration of apyrase is sufficient to convert 0.25 μmol/L ATP to AMP in 120 seconds at 37°C. Alternatively, the apyrase concentration can be determined to maintain platelet sensitivity to ADP, without having an appreciable inhibitory effect on ADP-induced aggregation (tested in the presence of fibrinogen). If too much apyrase is used, ADP-induced aggregation will be decreased and, conversely, if too little is used, the platelets will become refractory to ADP (desensitization of platelet ADP receptors). The ratio of ADPase to ATPase activity is highly variable, depending on the origin of the potatoes, and can change during storage. 
| Platelet aggregation tests using LTA
| Whole blood aggregometry
Platelet aggregation studies can be performed in whole blood, most commonly anticoagulated with sodium citrate, using an impedance technique. This test measures the change in electrical resistance or impedance between 2 electrodes placed at a fixed distance within the blood sample. 10, 26 Adhesion of platelets to the electrodes is followed by the aggregation of other platelets, leading to an increase in impedance. As it is carried out in whole blood, this assay obviates the need to prepare a platelet suspension and allows one to measure platelet functions under more physiological conditions, taking into account the contributions of other blood components that may affect these functions. Nevertheless, this method is not widely used because it provides no information on shape change, the kinetics of platelet aggregation, the 2-phase response, or platelet disaggregation, 27 parameters that are essential to accurately assess platelet function defects. Furthermore, impedance aggregometry cannot be used in thrombocytopenic patients because the extent of platelet aggregation induced by most agonists decreases linearly with the decrease in platelet count. 28, 29 
| Flow cytometric platelet analyses
Regardless of the LTA test used, whether it is performed with cPRP or washed platelets, the preanalytical steps remain long and require a significant amount of blood. Therefore, the use of flow cytometry, requiring only a few microliters of whole blood, is a valuable alternative for platelet function testing. Flow cytometric analysis, which is based on the detection of cell surface proteins with fluorescently labeled antibodies, offers several advantages for the evaluation of platelet functions. 30 The fluorescence of a large number of platelets (10 000) is measured in a small volume and within a limited time interval. Platelets can be analyzed in their physiological environment (ie, whole blood) in the presence of erythrocytes and leukocytes, as well as in platelet suspensions. Due to the requirement for only a small amount of blood, the technique is also suitable for neonatal studies or patients with thrombocytopenia.
Quantification of platelet membrane glycoproteins (GPs) is
widely used in diagnosis and research laboratories. 31, 32 Commercial kits are now available to quantify the major platelet GPs, including αIIbβ3, the GPIb-V-IX complex, and α2β1. Other commercial kits can be used to quantify any platelet receptor (Platelet Calibrator, BioCytex, Marseille, France), for example, GPVI, provided a monoclonal antibody against the target protein is available. 33 Flow cytometry can also be employed to determine the activation state of circulating platelets in whole blood, using antibodies directed against proteins newly expressed on the platelet surface during activation. In addition, the reactivity of platelets in whole blood can be evaluated following addition of an agonist. Platelet activation markers include the fibrinogen-binding site exposed by a conformational change in αIIbβ3 on activated platelets, recognized by the monoclonal antibody PAC-1, thereby allowing the detection of activated platelets only. 34 Granule secretion is revealed by the exposure of Pselectin, a component of the granule membrane of resting platelets, which is expressed on the platelet surface only after alpha granule release and may be quantified using a monoclonal antibody against P-selectin. 35 The development of a phosphatidylserine-exposing procoagulant surface on activated platelets can also be detected by monitoring the binding of labeled annexin V. 36 Practical issues regarding the use of flow cytometry for platelet function testing have been discussed in comprehensive reviews. 30, 36 Briefly, in the case of in vitro stimulation, anticoagulated whole blood is generally diluted 10-fold before incubation with agonists.
Antibodies are then added for 15 minutes. Incubation is performed at room temperature and not on ice, as low temperature can affect 39 These studies have significantly improved our understanding of platelet aggregation as it occurs in vivo. For instance, in LTA the mechanism of aggregation depends primarily on interplatelet bonds supported by αIIbβ3, with the GPIb-V-IX complex playing no role at all. In sharp contrast, it has been shown that this complex plays a key role in thrombus growth, for example, in platelet-platelet interactions, by mediating the recruitment of circulating platelets to von Willebrand factor (VWF) exposed at the surface of activated platelets within the thrombus. 40 Moreover, we recently reported that platelet aggregation under flow also involves GPVI, whereas this receptor does not participate in platelet-platelet interactions under the low shear conditions found in LTA. 41 In addition, the part (2) the waste ( Figure 2C) . References for the microslides, tubings, micropipettes, and syringes are provided in Table 3 .
| Platelet reactivity in flowing blood
| Methodology for blood perfusion experiments
| Coating of the substrate
| Flow experiments
Once the system has been closed, it is of critical importance to remove any air bubbles. To obtain a given wall shear rate in the capillary, the flow rate needs to be set up according to the formula: as compared to no more than 2 hours for citrated PRP. However, as washed platelet suspensions are more difficult to prepare than cPRP, they are available only in specialized research laboratories. In these suspensions, addition of apyrase is absolutely necessary because in its absence, washed platelets do not aggregate or change shape in response to ADP. This so-called refractory state is due to desensitization of the P2Y 1 receptor for ADP. 42 When studying the platelet P2X 1 receptor for ATP, a high concentration of apyrase is required. 43, 44 Indeed, this nonselective cation channel rapidly desensitizes and hence apyrase must be added, not only to the final resuspension medium but also at each step of the washing procedure. Under these conditions, the selective P2X 1 receptor agonist alpha, beta-methylene-ATP (αβMeATP) induces a rapid calcium influx in human platelets, associated with a transient shape change and centralization of the secretory granules, although dense granule release has not been detected. 45 Nonetheless, in the presence of such high concentrations of apyrase, the aggregation response induced by strong agonists is diminished due to the degradation of nucleotides released by the platelets.
| APPLICATIONS
| In research
Washed platelets aggregate and secrete their granule contents in response to strong activators (collagen, thrombin, arachidonic acid).
ADP triggers a reversible wave of aggregation without release of the platelet granule contents, even at high concentrations. As ADP does not induce granule secretion, fibrinogen must be added before stimulation of the cells with this agent. of tests also allows one to detect less obvious platelet function defects, which will then require further investigation using electron microscopy, protein biochemistry, receptor/ligand affinity studies in radioimmunoassay and/or molecular biology. Such is the case in particular for qualitative or quantitative deficiencies of the alpha (gray platelet syndrome) or delta granules (storage pool diseases), platelet cytoskeleton abnormalities (MYH9, TUBB1, FLNA, WAS) and P2Y 12 deficiencies. Nevertheless, despite all the tools now at our disposal, some authors consider that 30% to 50% of platelet function disorders remain undefined, which motivates the increasingly widespread use of high-throughput sequencing techniques to identify new forms of thrombopathies. 51,52
| CONCLUSION
The combined use of the various tools described here allows identification and classification of inherited or acquired abnormalities in platelet function, to study the effect of drugs that inhibit platelet aggregation and to understand their pharmacological mechanism of action. The use of rigorously standardized methods for platelet preparation, reagents, and functional tests is of primary importance for achieving reproducible results. 
